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Abstract
We present an experimental study of the deep penetration laser welding process which aims to analyze the plasma plume oscillations
on a short time scale. Using the high-speed camera we show that the plasma comes out of the keyhole in the form of short bursts
rather than the continuous ﬂow. We detect these bursts as the short-time intensity oscillations of light emissions coming from the
plasma plume. We determine the period of bursts using the statistical signal processing methods and the short-time frequency
analysis. Finally, we compare the characteristics of plasma bursts and the geometry of resulting welds carried out on a 2 kW
Yb:YAG laser welding machine for the steel workpiece and various welding parameters settings.
c© 2014 The Authors. Published by Elsevier B.V.
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH.
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1. Introduction
The deep penetration laser welding of metals is characterized by the creation of a thin capillary, called keyhole,
within the workpiece. The keyhole is ﬁlled by a laser-induced plasma that also forms a bright plume above the keyhole
opening. A detailed analysis shows that the intensity of light emissions coming from the plasma plume has pulsed
character even in the case of continuous-wave mode of the incident laser beam. Nakamura et al. (2000) have studied
the intensity oscillations by means of the frequency analysis and have shown that the frequency spectrum has a noise
character. Mrna et al. (2013) have proved a correlation between the frequency characteristics of light emissions and
the penetration depth which can be used for the process diagnostics.
In recent years, several theoretical and experimental studies of the plasma plume dynamics during the welding of
steel and aluminium alloys have been published. These employed the CO2 laser machines operating at the wavelength
of 10.6 μm as well as the solid-state laser machines operating at about 1 μm. In general, the studies have shown that
the plasma plume continuously oscillates and the plasma ﬂows out of the keyhole irregularly. Baik et al. (2001) has
visualized the plasma plume by means of the holographic interferometry. Szyman´ski et al. (2001) have shown that
the time-varying intensity of acoustic and light emissions has a character of deterministic chaos. Kawahito et al.
(2008) have employed a probe laser passing through the plasma plume to show that the attenuation and refraction of
the incident laser beam is signiﬁcantly lower for the solid-state lasers compared to the CO2 laser. In another study,
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Kawahito et al. (2008) have used spectroscopy to show that the plume consists of a weakly ionized plasma and that it
is repeatedly generated from a keyhole with the period in the order of microseconds. Wang et al. (2012) also used a
high-speed digital camera to study the periodic generation of a plasma plume with conclusion that it is caused rather
by the keyhole oscillations than the plasma absorption.
In this paper we present an experimental study of the deep penetration welding process carried out on a 2 kW
Yb:YAG laser machine for the steel workpieces. It aims to analyze the plasma plume oscillations on a short time
scale for various welding parameters settings. Using a high-speed camera we show that the plasma comes out of the
keyhole in the form of short bursts rather than the continuous ﬂow. We detect these bursts as the short-time intensity
oscillations of light emissions coming from the plasma plume. We determine the period of bursts using the statistical
signal processing methods and the short-time frequency analysis. Finally, we compare the characteristics of plasma
bursts and the weld geometry.
2. Plasma plume dynamics
The theoretical analysis shows that there are two important physical phenomena that mainly aﬀect the plasma
plume dynamics and the burst generation – the keyhole/melt pool oscillations and the plasma absorption.
The system consisted of the keyhole and the weld pool continuously oscillates due to the deviations from the pres-
sure equilibrium. These oscillations are very complex and have been studied by means of several simpliﬁed models.
Klein et al. (1994) have shown that the free oscillations of an ideal cylindrical keyhole caused by the imbalance of
surface tension and ablation pressure can be described by the radial, the azimuthal and the axial modes with eigenfre-
quencies of several kHz. However, the damping due to the viscosity reduces the life time of oscillations only to few
milliseconds. On the other hand, Semak et al. (1995) have shown that the surface oscillations of the weld pool caused
by the surface tension of the liquid metal are characterized by eigenfrequencies of hundreds Hz.
The incident laser beam is partially absorbed via inverse bremsstrahlung by the plasma ﬁlling the keyhole and
forming the plume. In general, the absorption coeﬃcient α of the inverse bremsstrahlung is given by the theory of
plasma physics in the form
α =
neniZ2e6 lnΛ
3ω2cε30(2πmekBTe)
3/2
√
1 − (ωp/ω)2
(1)
where ne and ni are the electron and ion number densities, Z is the charge number, e is the electron charge, lnΛ is
the Coulomb logarithm, c is the speed of light in vacuum, ε0 is the dielectric constant, me is the electron mass, kB is
the Boltzmann constant, Te is the electron temperature, ω is the angular frequency of the incident wave and ωp is the
angular frequency of plasma oscillation. Considering the same plasma, Eq. 1 shows that the absorption is about 100
times higher for the CO2 laser (λ = 10.6 μm) compared to the ﬁber laser (λ = 1.07 μm) due to approximately 10 times
higher wavelength.
In this paper, we consider the following mechanism of the plasma burst generation. We come out of the fact that the
absorption coeﬃcient α depends on the free electron density, the electron temperature and implicitly on the pressure.
The laser beam absorption in the plasma that ﬁlls the keyhole causes the increase of its temperature and pressure, but
also a further increase of the absorption itself. This gives rise to the snowball eﬀect. Finally, when the temperature
and pressure exceed a critical limit, the plasma expands out of the keyhole and forms a plasma plume above it.
Consequently, the temperature and pressure inside the keyhole decrease and the process starts again. To support this
concept, in Fig. 1 we show the absorption coeﬃcient α as a function of electron temperature Te for various values
of pressure p. The plot clearly indicates the increase of α with increasing temperature. It is also important to realize
that the pressure waves during the burst inevitably aﬀect the keyhole/melt pool oscillations. Moreover, since the
pressure and electron density depends on the keyhole geometry, also the timing of bursts will be aﬀected by this
factor. This provides space for our experimental study aimed to the analysis of the burst characteristics for various
welding parameters such as the laser power or the welding speed which primarily determine the keyhole geometry.
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Fig.1.DependenceoftheabsorptioncoeﬃcientαontheelectrontemperatureTefordiﬀerentvaluesoftheplasmapressurep1<p2<p3insidethe
keyhole.
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Fig.2.Experimentalsetupofthelaserweldingmachine:1–laserbeam,2–coaxialnozzle,3–shieldinggas,4–plasmaplume,5–workpiece,6–
neutraldensityabsorptive(grey)filter,7–photodetector,8–photodetectormountingtube,9–amplifierwithadjustablegain,10–data
acquisitiondevice,11–PCwithcontrolsoftware,12–high-speedcamera.
3. Experimentation
The experiments were carried out on a 2 kW Yb:YAG laser welding machine operating at the wavelength 1.07 μm,
the experimental setup is shown in Fig. 2. The intensity of light emissions produced during the bead-on-plate welding
was continuously detected by a photodetector operating in the wavelength range 190-1100 nm, sampled by a data
acquisition device at the frequency 40 kHz and stored in a PC for further data processing. The images of the plasma
plume were detected using a monochrome digital camera at the maximal frequency 2050 frames per second.
The welding parameters were chosen within the ranges that are commonly used in industry – the 8mm carbon steel
and the 6mm stainless steel as a workpiece material, argon and helium as a shielding gas, the laser power 1.0, 1.5
and 2.0 kW, the welding speed 10, 20 and 30mm/s. The laser beam focus position z f measured with respect to the
workpiece surface varied from −3 to +5mm with the step of 1mm (the positive z f is below the workpiece surface).
The weld length was about 42mm. In total, we have carried out 324 welds corresponding to all combinations of the
welding parameters settings given above.
The weld evaluation consisted in mutual comparison of several process characteristics. The ﬁrst was a waveform
of the time-varying intensity signal I(t) coming from the photodetector. The second was a spectrogram showing the
time-varying power spectrum P(t, f ) of the photodetector signal. It was calculated by means of the discrete short-time
Fourier transform with the Hamming window in the frequency range 0-1.5 kHz. Further, we analyzed the images of
the plasma plume acquired by a high-speed camera. The last characteristic was a penetration depth d measured from
the weld section obtained by metallographic processing, i.e. cutting the weld transversely, polishing and etching the
cut surface and scanning an image using a digital scanner.
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Fig. 3. The images of a plasma plume captured at the frequency 2050 fps during the welding of the carbon steel with the argon shielding gas, the
laser power 1.0 kW, the welding speed 30mm/s and the focus position +1mm. The relative time in microseconds is given in the upper right corner.
Fig.4.Evaluationoftheweldscarriedoutforthestainlesssteel,theheliumshieldinggas,thelaserpower1.0,1.5and2.0kW,theweldingspeed
10mm/sandthefocusposition+1mm.	a)Thesignalfromphotodetectorina30msintervalselectedapproximately2secondsafterthestartof
welding	b)thespectrogramcalculatedalongtheentireweldofthelength43mm(thecorrespondingweldingtimeis4.3seconds)	c)weld
section.
4. Results and Discussion
The images of the plasma plume have shown that the plasma ﬂows out of the keyhole in the form of short bursts
rather than the continuous ﬂow for most of the welding parameters settings used in the experimentation. For example,
in Fig. 3 we show a time series of the plasma plume images acquired at the frequency 2050 fps during the welding
of the carbon steel with argon shielding gas, the laser power 1.0 kW and the welding speed 30mm/s. Although the
sampling frequency is relatively low, it is evident that the plasma plume signiﬁcantly varies in time – the bright images
showing the plasma bursts alternate with the dark images where the plasma plume is completely absent.
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Fig.5.Evaluationoftheweldscarriedoutforthecarbonsteel,theheliumshieldinggas,thelaserpower1.0,1.5and2.0kW,theweldingspeed10
mm/sandthefocusposition+1mm.	a)Thesignalfromphotodetectorina30msintervalselectedapproximately2secondsafterthestartof
welding	b)thespectrogramcalculatedalongtheentireweldofthelength42mm(thecorrespondingweldingtimeis4.2seconds)	c)weld
section.
The intensity of light emissions detected by the photodetector was primarily analyzed on a short time scale, typi-
cally within the interval of 30ms. The plasma bursts have been observed in the form of periodic intensity pulses. In
the case of stainless steel, the bursts have been present for all welding parameters settings used in the experimentation.
In the case of carbon steel, the bursts have been detected only for higher laser power, otherwise the intensity rapidly
oscillated which corresponds to a continuous ﬂow of the plasma out of the keyhole. These diﬀerences are apparent
in Fig. 4 and 5 where we show the intensity waveform corresponding to the welding of the stainless and carbon steel
with the helium shielding gas, the laser power 1.0, 1.5 and 2.0 kW and the welding speed 10mm/s.
The spectrograms calculated along the entire welds have revealed the presence of the plasma bursts in the form of
peak frequency in the order of hundreds Hz. For example, see the corresponding spectrograms shown in Fig. 4 and 5.
In the case of stainless steel, the peak is always present but the characteristic frequency decreases with increasing laser
power. In the case of carbon steel, the frequency peak is present only for the laser power 2.0 kW.
We analyzed the period of the plasma bursts T by means of two diﬀerent methods. The ﬁrst was a threshold
detection where a burst is recognized when the signal I(t) exceeds the speciﬁed threshold. However, it turned out that
this method is not suitable because it gives signiﬁcantly diﬀerent burst periods for diﬀerent thresholds. In contrast, the
second method based on the detection of the frequency peak in the spectrogram has proven very reliable. Therefore,
the burst period T was calculated as an inverse value of the mean peak frequency detected from the spectrogram.
In Fig. 6 we present the overall results in the form of plots showing the relation between the weld depth d and the
burst period T for all welding parameters settings for which the plasma bursts have been observed. These plots show
several interesting features:
• Considering one combination of the workpiece material, the shielding gas, the laser power and the welding
speed, it turned out that both d and T are almost independent of the focus position z f . This is due to small
variation of the laser beam geometry in the vicinity of the focus. Therefore, we do not distinguish graphically
the points corresponding to diﬀerent z f .
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Fig.6.TherelationbetweenthewelddepthdandtheplasmaburstperiodT forallcombinationsoftheweldingparameterssettingsforwhichthe
burstshavebeenobserved.
• The welding of stainless steel is characterized by the plasma bursts for all welding parameters settings used in
the experimentation. On the contrary, the welding of carbon steel shows plasma bursts only for higher laser
power. This holds especially for the combination of the carbon steel with the argon shielding gas.
• The burst period T generally increases with increasing weld depth d. This is a natural consequence of the fact
that the keyhole volume increases with increasing d and, therefore, it takes longer time to exceed a critical limit
of the temperature and pressure in the keyhole.
• In the case of stainless steel, the helium shielding gas causes about 15% decrease of the burst period T in
comparison to the argon shielding gas. This can be justiﬁed by the fact that the shielding gas is partially sucked
into the keyhole and the helium accelerates the emergence of the next burst more signiﬁcantly due to the higher
thermal conductivity.
In summary, the method based on the analysis of the plasma plume dynamics on a short time scale have proven
very eﬃcient to study the welding process. As a future work, we intend to develop a detailed physical model of
the plasma bursts which will allow for the comparison of the theoretical predictions and the experimentally observed
correlation between the weld depth d and the burst period T .
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5. Conclusion
We have presented an experimental study of the plasma plume dynamics in the deep penetration laser welding of
steel carried out on the 2 kW Yb:YAG laser machine for various welding parameters settings. We have shown that the
plasma comes out of the keyhole mostly in the form of short bursts rather than the continuous ﬂow. We have detected
these bursts as the short-time intensity pulses of light emissions coming from the plasma plume. As an outcome of
the experiments, we have determined the period of bursts by means of the short-time frequency analysis of intensity
oscillations and have proven that it correlates to the weld depth.
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